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†Institute of Applied Physics, Vienna University of Technology, Vienna, AustriaABSTRACT T cell activation is mediated via the recognition of peptides by the T cell receptor (TCR). This receptor ligand inter-
action is highly specific, and the TCR has to discriminate between a huge number of peptides presented by the products of the
major histocompatibility complexes (MHCs). Recent studies indicate that cells probe the TCR-pMHC interaction by imposing
force on the interaction. Here we investigated in a theoretical analysis the consequences of such force-induced unbinding for
T cell recognition. Our findings are as follows. First, the bond rupture under force is much faster, improving the time resolution
of the discrimination process. Second, cells can access additional parameters characterizing the shape of the binding energy
surface. Third, load-induced unbinding yields a reduced coefficient of variation of the bond lifetimes, which improves the discrim-
inative power even between peptide/MHCs (pMHCs) with similar off-rates.INTRODUCTIONCell-surface receptors (CSRs) are transmembrane proteins
that mediate the binding of an external stimulus to an
intracellular signal. While many CSRs recognize soluble
ligands, a few are optimized to discriminate ligands pre-
sented by other CSRs on an opposing cell. One example is
the T cell receptor (TCR), which specifically binds to pep-
tides presented by major histocompatibility complexes
(pMHCs) on an antigen-presenting cell (APC). For both
CD8þ and CD4þ T cells, there are strong indications that
the TCR-pMHC off-rate is the decisive parameter for T cell
activation (1,2). The results can be rationalized by the
kinetic-proofreading model, for example, in which sufficient
TCR engagement time is needed for a sequence of modifica-
tions that ultimately lead to the formation of the active com-
plex (3,4); the more modification steps one assumes, the
better is the specificity—i.e., the power to discriminate
between good and poor ligands. However, current models
fall short when it comes to discriminating ligands with only
marginal differences in their off-rates: even if the discrimina-
tive power of the TCR response itself was perfect, stochastic
ligand dissociation would ultimately limit the specificity (5).
We and others have recently found out that the lifetime of
TCR-pMHC interactions is reduced more than 10-fold in the
cell-to-cell interface compared to the lifetime of interactions
with purified proteins (6–8); the effect vanished when de-
grading the actin cytoskeleton (6). The mechanism behind
the acceleration is not understood yet, but it may wellSubmitted November 13, 2012, and accepted for publication March 15,
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. Open access under CC BY-NC-ND license.involve the local application of force; force-dependent
decreases in the interaction lifetime were previously deter-
mined for various peptides using a constant-force flow-
chamber assay (9). Indeed, T cells were observed to push
and pull against model APCs with constant velocity (10).
One may further speculate that membrane fluctuations put
the protein contacts under load so that the TCR-pMHC
bonds break earlier (Fig. 1 A). Such distance fluctuations
between the surfaces of adhering cells and their substrates
have been observed (11), and they are the basis of our under-
standing of the early steps in the formation of a synapse
between a T cell and an APC (12,13). Moreover, a model
was recently formulated in which TCR-pMHC complexes
are put under tension due to the spatial segregation of
long versus short surface molecules; in that model also,
kinetics would be substantially accelerated (14).
Here, we argue that the possibility that the bonds ex-
perience a (constant) pulling velocity suggests an addi-
tional advantage of force-induced bond rupture: it leads to
narrower probability distributions, which provide the
T cell with a means of improved ligand discrimination. In
addition, we point out that the force-induced acceleration
of unbinding depends on parameters of the binding-energy
landscape: the larger the distance to the activation barrier,
the greater is the effect on the off-rate. This may provide
T cells with an additional handle for peptide discrimination.RESULTS
Load dependences of biomolecular interactions have been
studied extensively using atomic force microscopy (AFM)
(15). In a typical molecular recognition experiment, surface
and AFM tip are functionalized with a receptor and its
ligand, respectively. When the AFM tip is retracted from
the surface at velocity V, the molecular interaction experi-
ences an increasing load until it ruptures at a characteristichttp://dx.doi.org/10.1016/j.bpj.2013.03.023
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FIGURE 2 pMHC-TCR interactions accelerated by pulling. (A) Equation
3 was used to estimate the activation barrier, DG, from the published data
for the off-rate of the seven peptides 102S (blue), PCC (red), MCC
(violet), K2 (yellow), PCC(103K) (magenta), K3 (green), and K5 (black)
(18). The black line shows Eq. 3, using D ¼ 5  1014 m2/s and xb ¼
4 A˚. (B) EC50 values of different peptides are plotted against the mean
bond lifetime, hti, for a rate of V ¼ 1 pN/s (open symbols) and V ¼ 0 (solid
symbols);DGwas taken from A, and xbwas adjusted such that the log(EC50)
values show a linear dependence on t. (C)Mean bond lifetime, hti, is plotted
against the applied pulling rate for seven different pMHCs (see Table 1).
A B
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FIGURE 1 Force-induced rupture of CSR interactions. (A) Schematic of
the interaction between TCR and pMHC. (B) The intrinsic free-energy
surface with minimum-to-barrier distance xb=2 and activation free energy
DG=2 is depicted as a bold line for V ¼ 0. For pulling velocity V > 0,
the combined free energy is reduced to UðxÞzU0ðxÞ  KVt (gray lines),
yielding a reduced bond lifetime. (C) The probability density function of
the bond lifetime, pðtjVÞ, is plotted logarithmically for pulling velocities
of V ¼ 0, 0.1, 0.5, 1, 5, and 10 pN/s. The bold line depicts pðtjVÞ for a
rate of 1 pN/s. (D) CV of pðtjVÞ as a function of pulling velocity. Circles
indicate the curves shown in C. All data were taken for the peptide K5 in
Krogsgaard et al. (18).
Force-Induced Ligand Discrimination 1671force, Fr; the rupture force is related to rupture time via
t ¼ Fr=ðKVÞ, where K is the spring constant of the canti-
lever. Fr has been assessed in single-molecule pulling
experiments for various receptor-ligand pairs, yielding
histograms with rather narrow force peaks (see, e.g., Hinter-
dorfer et al. (16)). Dudko et al. described such pulling exper-
iments analytically and derived the probability distribution
of rupture forces at a given pulling velocity, pðFjVÞ (17).
Rewriting this distribution for rupture times yields
pðtjVÞdt ¼ kðFÞe
k0kBT
xbKV e
kðtÞkBT
xbKV

1 ntKVxbDG
11y
dt; (1)
with
kðFÞ ¼ k0

1 ntKVxb
DG
 1
y1
e
DG
kBT

1

1 ntKVxbDG Þ
1
y

; (2)
where k0 denotes the off-rate at zero pulling velocity.
Dudko et al. calculated y ¼ 2=3 for a linear-cubic free-
energy surface (U0ðxÞ ¼ 3=2DGx=xb  2DGðx=xbÞ3; see
Fig. 1 B), which gives a single energy barrier of height
DG/2 between the bound and unbound states; xb/2 specifies
the distance of the transition state along the reaction coordi-
nate. Note that this model does not make assumptions about
the specific way in which forces are applied, as long as
there is a single energy barrier along the reaction coordi-
nate: normal (vertical) or tangential (shear) forces can be
envisioned.With increasing force, the energy barrier gets smaller
so that thermal bond breakage becomes more likely,
thereby reducing the bond lifetime. Therefore, as the
CSRs are separated at constant velocity V, the load increases
until the bond breaks at time t. In Fig. 1 C, we have
plotted the probability for various V, pðtjVÞ: at high pulling
speeds, a narrow distribution with a pronounced maximum
can be seen, whereas for V/0, the probability distribu-
tion widens and approaches an exponential function,
pðtjV ¼ 0Þdt  k0ek0tdt. The decrease in the dispersions
of the distribution functions with increasing V can best be
seen when plotting the coefficient of variation (CV), defined
as the standard deviation over the mean (Fig. 1 D). At the
end of this article, we show that it is this narrowing of the
probability distribution at high pulling speeds that leads to
higher specificity in the recognition process. Before discus-
sing this aspect, however, we take a little detour.
To quantitatively guide our further description, we used
the kinetic off-rates measured under zero force via surface
plasmon resonance on the 2B4 TCR system (18). k0 can
be linked to the height of the energy barrier by the Kramers
theory (17,19):
k0 ¼ DG
3px2b
Dexp

 DG
kBT

: (3)
We used Eq. 3 to estimate the energy barrier for unbinding
the peptides K5, K3, PCC(103K), K2, MCC, PCC, and 102S
(Fig. 2 A), yielding energies ranging from 17kBT to 20kBT.Biophysical Journal 104(8) 1670–1675
TABLE 1 Parameters for the different peptides
k0[1/s]
Lifetime (s)
at 0 pN/s
Lifetime (s)
at 1 pN/s
DG
(kBT)
xb
(nm)
EC50
(nM)
K5 0.014 71.43 16.34 19.86 0.485 0.023
PCC(103K) 0.0159 62.89 10.28 19.73 0.96 0.35
MCC 0.019 52.63 10 19.54 0.9 0.42
PCC 0.0348 28.74 7.6 18.9 0.93 1.2
K2 0.058 17.24 10.05 18.36 0.26 0.36
K3 0.071 14.08 11.28 18.15 0.044 0.13
102S 0.202 4.95 3.56 17.04 0.4 7.7
The off-rate, k0 (1/s), lifetime with and without externally applied pulling
rate, activation free energy, DG, minimum-to-barrier distance, xb, and
EC50 values are shown for the different peptides for a temperature of 300
K. Off-rates and EC50 values are taken from Krogsgaard et al. (18).
1672 Klotzsch and Schu¨tzFor our calculation, we set xb ¼ 9 A˚ and set the diffusion
coefficient to D ¼ 5  1014m2/s (D denotes the diffusion
of the system on the free-energy surface). Values of xb<1 nm
have frequently been observed in AFM studies of receptor-
ligand complexes (20–22); the same value of D was used by
Dudko et al. (17). Next, we adjusted the pulling velocity
such that the agonistic peptide MCC experienced approxi-
mately a fivefold reduced mean bond lifetime, t (similar
accelerations were found in our previous study (6)), yielding
V ¼ 1 pN/s. Such pulling velocities are in agreement with
data obtained on T cells contacting beads coated with
CD3 antibody; using a biomembrane force apparatus,
loading rates in the range V ~ 1.6–8 pN/s were determined,
depending on target stiffness (10).
In their Fig. 1 B, Krogsgaard et al. plotted the bond life-
time versus the EC50 values for IL-2 production (18), which
we reproduce here in Fig. 2 B as solid symbols. Clearly,
there is some correlation in the data, but there are outliers
such as K3 and K2 that show potency too strong for the
rather short interaction lifetime. Krogsgaard et al. argued
that conformational changes might account for the discrep-
ancy; when plotting the EC50 against htiDCP, with DCP
denoting the heat capacity, a much better correlation was
found. We point out here also that force-induced unbinding
could lead to a similarly improved correlation. In open sym-
bols, Fig. 2 B shows the reduced average lifetimes when a
constant pulling velocity of 1 pN/s was applied to the bonds:
indeed, by adjusting xb between 0.4 A˚ and 9.6 A˚, all data
could be forced onto a straight line in the semilogarithmic
plot. In Fig. 2 C, we illustrate how further increase of the
pulling speed up to 10 pN/s would alter the mean lifetime:
for some combinations of DG and xb, there is hardly any
effect (see, e.g., K3), whereas others yield a substantial
reduction by more than a factor of 10 (see, e.g., PCC). Taken
together, force-induced rupture reduces interaction lifetimes
between CSRs differently: in general, the profiles of EC50
versus bond lifetime will be distorted; even the order may
be reversed (compare PCC and K2 in Fig. 2 B). In other
words, a strong binder under zero load may become a
weak binder under load, whereas for other peptides, hardly
any effect may be observable. For example, modeling the
bond lifetimes for the weak agonist 102S predicts only a
1.39-fold reduction under load; this agrees with our previous
in situ measurements, where we observed a 1.41-fold
decreased interaction lifetime upon degradation of the actin
cytoskeleton (6). Note that the bond lifetime under load
depends on the shape of the energy surface: cells could in
principle use this information as an additional means for
discrimination.
Rather small values of xb are in agreement with recent
findings, where a flow-chamber assay was used to estimate
characteristic rupture forces via the Bell model,
kðFÞ ¼ k0 expðF=F0Þ (9); in that model, the characteristic
rupture force is related to xb via F
0 ¼ kBT=xb; that study
yielded even lower values, between xb ¼ 0.007 nm andBiophysical Journal 104(8) 1670–1675xb ¼ 0.06 nm. We were thus interested in determining
whether substantially reduced xb values would affect our
conclusions. For this, it is interesting to note that xb and pull-
ing velocity occur in Eqs. 1 and 2 only in the form xbV (the
effect of Eq. 3 turned out to be negligible). That means that
pulling at 10-fold increased rates (V¼ 10 pN/s) would yield
10-fold-reduced xb (Table 1) but otherwise identical results
to Fig. 2 B. We further tested whether the data reported by
Robert et al. (9) for the 1G4 TCR would benefit from a con-
stant pulling speed. For each F0, we calculated, accordingly,
the xb and—via Eq. 3—an estimator of DG. Fig. 3 A shows
the EC50 versus bond lifetime at zero pulling rate (solid
symbols). We next calculated the correlation between
EC50 and bond lifetime for various pulling velocities
ranging from 0 to 100 pN/s (Fig. 3 B). The correlation
was substantially improved when the pulling velocity was
increased, and it peaked at around V ¼ 28 pN/s. The result-
ing values of t are shown as open symbols in Fig. 3 A.
Finally, we were interested in whether the specificity of
T cell antigen recognition could be improved by the narrow
probability distributions generated under load. We selected
here the good signal, K5, and tested the discrimination
against the poor signals, PCC(103K) and 102S; without
pulling, K5 and 102S are clearly distinct, whereas K5 and
PCC(103K) show very similar unbinding kinetics. In the
following, we assumed that the TCR allows for perfect
discrimination. In other words, the TCR response shall be
a step function in time: each unbinding event is accepted
above a given threshold, tthresh, whereas it is rejected below
that threshold. Such perfect discrimination could indeed be
possible, e.g., by means of a sequence of modifications in
which the last modification is required for signal generation
(5). In Fig. 4 A, we plotted pðtjV ¼ 1pN=sÞ for the chosen
peptides, and in Fig. 4 B, we show the data at zero pulling
velocity for comparison. K5 and 102S show clearly distinct
curves, both with and without load. More interestingly,
whereas there is hardly any difference between K5 and
PCC(103K) at zero load, the data show clearly distinct
curves at V ¼ 1 pN/s. We next quantified this effect.
Ideally, each single binding event of a good ligand—but
no binding event of a poor ligand—leads to TCR triggering.
AB
FIGURE 3 pMHC-TCR interactions accelerated by pulling. (A) For the
seven peptides R65 (blue), 9L (red), 3Y (violet), 9V (yellow), H70
(magenta), H74 (green), and 3A (black) from Robert et al. (9), the EC50
values are plotted against the mean bond lifetime, hti, for a rate of V ¼
28 pN/s (open symbols) and V ¼ 0 (solid symbols); the rate of V ¼ 28
pN/s was estimated by the maximal anticorrelation in B. (B) The correlation
between EC50 and mean bond lifetime, hti, was calculated using the Pear-
son coefficient for different pulling rates. The black circle indicates the
curve’s minimum, which was used for calculating the open symbols in A.
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FIGURE 4 Peptide discrimination. (A) For K5 (blue), PCC(103K)
(green), and 102S (red), the bond rupture probability, pðtjVÞ, versus rupture
time, t, is plotted for a pulling velocity of 1 pN/s according to Eq. 1 and
Table 1. An exemplary threshold for TCR triggering is indicated as a dashed
line. K5 is assumed to be the good pMHC, which shall be discriminated
against the poor ligands PCC(103K) and 102S. TPs, TNs, and FPs are indi-
cated as shaded areas below the curves. (B) Exponential probabilities are
plotted for the pMHCs listed in A. (C) The sensitivity (blue) defined as
TP/(TP þ FN) and the specificity (red, green) defined as TP/(TP þ FP)
are plotted for the curves in A against the threshold tthresh. Red and green
relate to discrimination of K5 against 102S and PCC(103K), respectively.
(D) The specificity (red, green) and sensitivity (blue) are plotted for the
exponential pdfs in B. (E and F) Semilogarithmic plots of sensitivity and
1  specificity against tthresh for V ¼ 1 pN/s (E) and V ¼ 0 (F).
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tion lifetime of t>tthresh is termed a true positive event (TP),
a correct rejection of a poor ligand due to t<tthresh is termed a
true negative event (TN). If acceptance or rejection
are mistaken, they are termed false positive (FP) or
false negative (FN). Fractions of positives and negatives
can be calculated by the integrals positive ¼ RNtthresh pðtÞdt
and negative ¼ 1 positive ¼ R tthresh
0
pðtÞdt. Fig. 4 A shows
the different populations in color code. To optimize discrim-
ination, the system needs to maximize the
specificity ¼ TP=ðTPþ FPÞ, which is the fraction of the
true positives over all positive events. This can be accom-
plished by increasing tthresh. In Fig. 4, C and D, we have
plotted the specificity as a function of tthresh for a pulling
speed of V ¼ 1 pN/s (Fig. 4 C) and V ¼ 0 (Fig. 4 D). The
curves show the discrimination between K5 and 102S (red)
and between K5 and PCC(103K) (green). Under load, the
discrimination reaches high specificity even at a threshold
of <20 s. In contrast, discrimination between K5 and 102S
requires much higher thresholds if no load is applied;
discrimination betweenK5 and PCC(103K) fails completely.
A second important figure of merit is the
sensitivity ¼ TP=ðTPþ FNÞ, which denotes the fraction
of counted events over all binding events for a given good
peptide (Fig. 4, C and D, blue curve). Naturally, the higher
the choice of threshold, the lower the sensitivity becomes
due to rejection of an increasing number of events. Similar
to the specificity, the sensitivity also shows steeper curves if
interactions are put under load, which is a consequence of
the steeper probability distribution functions. Still, a regimewith high specificity and decent sensitivity can be obtained
under load at a threshold around 20 s, whereas no such
regime is found at zero load. The remarkable discriminative
power of the system becomes apparent in the logarithmic
plot shown in Fig. 4 E: at a threshold of 20 s, the specificity
is>99% for both discrimination scenarios; still, ~30% of all
good events are counted.
Note that for peptides with large differences in xb, curves
may intersect in a plot of mean lifetime versus pulling
velocity. An example would be K5 and K3, which yield
htK5i>htK3i at V<1:7pN=s and vice versa (Fig. 2 C). At first
glance, one may expect discrimination to actually get worse
at the intersection point, where htK5i ¼ htK3i. To charac-
terize this effect, we analyzed in Fig. 5 the specificity and
sensitivity for pulling rates below, at, and above the intersec-
tion point. The probability distributions, pðtjVÞ, differ mark-
edly: K5 shows the characteristic maximum, whereas K3
approaches an exponential-like behavior. At V ¼ 0.1 pN/s,
K5 can be discriminated over K3 with decent specificity
and sensitivity (Fig. 5 F). Even at the intersection
point, V ¼ 1.7 pN/s, the probability distributions allow for
discrimination. Fig. 5 G shows the results for discriminatingBiophysical Journal 104(8) 1670–1675
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FIGURE 5 Peptide discrimination at different pulling rates. (A–D) For K5 (black) and K3 (green), the bond rupture probability, pðtjVÞ, versus rupture
time, t, is plotted for the exponential case (rate ¼ 0 pN/s) and for rates of 0.1 pN/s, 1.7 pN/s, and 10 pN/s. The rate V ¼ 1.7 pN/s is equivalent to the inter-
section of the mean bond lifetime, hti, versus the applied pulling-rate plot in Fig. 2 C. (E–H) Assuming K5 to be the good and K3 to be the poor pMHC, the
sensitivity (blue) and specificity (red) are plotted for the curves from A–D against the threshold, tthresh. (I–L) Here, sensitivity (blue) and specificity (red) are
plotted for K3 as the good and K5 as the poor pMHC.
1674 Klotzsch and Schu¨tzthe good ligand, K5, over the poor ligand, K3. The specificity
is modest over the whole range of thresholds. In this case,
however, it would be preferential for the cell to exchange
the good and the poor ligands. Indeed, Fig. 5 K shows that
discrimination of K3 over K5 would work reasonably well.
This is because of the steep flank of the K5 probability
distribution toward longer t, which gives no FPs at high
thresholds, whereas TPs can be detected due to the long
exponential tail of K3. The effect becomes more pronounced
at higher pulling speeds (Fig. 5, D, H, and L).DISCUSSION
We propose here a modified view of recognition via CSRs
by including the pulling of cells on the interaction bonds.
By doing this, the system achieves several advantages.
1. The bond rupture becomes faster, thereby improving the
resolution in time for the recognition process.Biophysical Journal 104(8) 1670–16752. The bond lifetime becomes dependent on pulling velocity
and the shape of the binding energy landscape. This way,
the system gets additional adjustable parameters for fine-
tuning the interaction process. For example, cells could
vary the response to a specific ligand by varying the pull-
ing velocity. Cells could even record the full loading-rate
dependence by pulling on the same bond repeatedly at
different velocities, yielding a much clearer picture of
the interaction profile. Finally, the pulling direction also
influences the reaction coordinate and thereby the load
dependence of the off-rate. Indeed, different TCR-
pMHC docking geometries were found for agonistic
versus nonagonistic peptides, which indicates peptide-
specific constraints on the pulling angle (23).
3. The probability distribution for interaction lifetimes
changes from exponential to a much narrower profile
with a pronounced maximum. As a consequence, a small
number of interactions would be sufficient to produce
a reliable signaling output. As an example, we have
Force-Induced Ligand Discrimination 1675described the discrimination between the strong agonist
K5 and the weak agonists 102S and PCC(103K). In the
case of K5 versus PCC(103K), a standard measurement
at zero load would yield no difference between the two
peptides. In contrast, at a pulling velocity of 1 pN/s,
the curves become very well separated, and a discrimina-
tion window opens up at a threshold of ~20 s. In this case,
~30% of all positive signals would be counted, with a
specificity of ~99%. The situation is further improved
if it comes to discriminating K5 from 102S. At the
same sensitivity, the specificity is now >99.9%, so that
even in a 1000-fold excess of unspecific ligand, the
specific triggers would dominate.
Until now, hardly any efforts have been made to observe
deviations from first-order kinetics in trans-interactions of
CSRs, mainly due to technical constraints. For example,
our previous studies were based on rather short single-
molecule trajectories, which did not enable a detailed anal-
ysis of the distribution functions (6,7). In principle, dyes
with improved photostability should allow for recording
the distribution functions and screening for deviations
from exponential kinetics. In summary, experiments in
recent years have provided increasing evidence that
mechanical force is an important parameter to consider
when describing T cell antigen recognition. In this theo-
retical work, we have focused on one aspect—improved
discrimination specificity due to narrower distribution func-
tions whenever bonds are put under tension. However, there
are a variety of additional effects that may be induced by
local force application. For example, mechanical forces
could affect signal transmission directly by inducing confor-
mational changes or by altering the quaternary structure of
the TCR complex. Indeed, T cell antigen recognition was
found to be modulated by mechanical stress exerted on
the T cells (24,25). How can a cell put bonds under load?
There are various mechanisms conceivable: cells may splay
the intermembrane cleft by translocating larger proteins into
the interface; alternatively, the plasma membrane of one cell
may be curved inward by active actin-based mechanisms,
thereby increasing the distance to the opposing cell. Separa-
tions of a few nanometers would be absolutely sufficient to
apply such forces and release the bonds.
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